Cancer ' is a disease that can spread to the other organs over time. The prognosis of cancer patients with metastasis is generally poor. Accordingly, there is an urgent need to establish a greater understanding of metastatic processes. It is highly likely that cancer stem cells (CSCs) are the key cells that mediate metastases, even while the cellular origin of CSCs remains unknown. Growing evidence has also revealed that the microenvironment has profound effects on the regulation of CSCs. Recently, it has been shown that bone metastatic cancer cells target the microenvironment or ' niche ' , which houses hematopoietic stem cells (HSCs). The major function of the HSC niche is to maintain ' stemness ' of HSCs. These findings suggest that by targeting the HSC niche, metastatic cells parasitize the very foundation of hematopoiesis to maintain their stemness. These observations suggest that there will be a need to target the HSC niche to provide effective therapies to eradicate metastatic CSCs.
Introduction
' Cancer ' is defined as a group of diseases in which cells grow uncontrollably and invade other tissues. Cancer can also spread to distant organs through the blood stream and the lymphatic system. Early detection and treatment can lead to better disease prognosis. Conventional treatment approaches, including surgery, radiotherapy, chemotherapy or hormonal therapy, are effective for localized cancer. However, cancer with distant metastasis remains incurable. Therefore, one of the most important issues in cancer biology is to identify cells with high metastatic potential.
Accumulating evidence suggests that primary tumors consist of heterogeneous populations of the cancer cells. A subpopulation of these, also known as ' tumor-initiating cells ' or ' cancer stem cells (CSCs) ' , have the ability to self-renew and eventually form diverse tumor cell population. 1 In addition, clinical observations strongly suggest that CSCs are responsible for metastasis. 2 Tumors derived from an early stage of CSCs (or progenitor cells) have high metastatic potential, whereas tumors rarely metastasize as ' mature ' or differentiated tumor cells. 2 Moreover, tumors that do not maintain a sizable stem cell population do not metastasize at all. 2 Other evidence that supports this notion is that CSCs express high levels of the chemokine receptor CXCR4, which are critical for the homing process. 3 The bone marrow strongly expresses CXCL12, the ligand of CXCR4, and the circulating hematopoietic stem cells (HSCs) migrate toward the bone marrow microenvironment, or the niche, through the CXCL12 / CXCR4 axis. 4 Similar to the HSC homing to the marrow, the CXCL12 / CXCR4 axis also mediates the metastasis of solid tumors to the bone marrow. 5, 6 Recent work by our group has demonstrated that metastatic prostate cancer (PCa) cells target the bone marrow HSC niche during dissemination and compete for occupancy of the niche with HSCs. 7 The main function of the niche is to promote HSC self-renewal, keep them quiescent and protect them from exhaustion or apoptosis.
These findings therefore suggest that the disseminated tumor cells (DTCs) take up residence in the bone marrow HSC niche to become dormant and facilitate resistance to current therapeutic approaches. Whether ' non-stem DTCs ' preferentially home to the bone marrow and utilize the niche to become CSCs remains unclear and highly controversial. Regardless of whether the niche is able to transform non-stem DTCs and / or maintain CSCs in a stem-like state represents a major advance in our understanding of bone marrow metastasis. Clearly, a better understanding of the CSCs biology could lead to the development of novel preventive and therapeutic strategies for cancer recurrence. In this review, we will discuss the CSC hypothesis
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including recent debates and strive to provide insights into bone marrow microenvironments as potential therapeutic targets for eradicating CSCs.
CSC Hypothesis
Although the CSC hypothesis has provided new insights into our understanding of tumorigenesis, there are still vigorous debates surrounding the existence of CSCs. The first controversy is the identification or isolation of CSCs based on cell surface marker profiles. It has been believed that a subpopulation of tumor cells has tumor-initiating ability in both hematologic malignancies and solid tumors. Identification of these rare cells, within the bulk of tumor cells, by fluorescence-activated cell sorting using a combination of cell surface markers has been a major area of study.
In 1994, the existence of CSCs in hematologic malignancy was first reported. 8 In this study, 1 in 250 000 cells expressing the CD34 + CD38 − phenotype in human acute myeloid leukemia are able to engraft into immunodeficeint mice, whereas cells derived from either CD34 + CD38 + or CD34 − fraction are not capable of engrafting. 8 In solid tumors, CD44 + CD24 − / low Lin − breast cancer cells were identified as being capable of generating tumors when the cells were implanted into immunodeficeint mice orthotopically. 9 Subsequently, CSCs of other cell types including brain tumor, 10 PCa 11 and pancreatic cancer 12 have been identified. Although many markers, such as CD24, CD34, CD44, CD133, aldehyde dehydrogenase and Hoechst 33342, have been combined to segregate CSC, no marker or a combination of markers successfully isolate a single CSC subset as of yet. In addition, it was recently demonstrated that many tumorigenic markers reversibly switch between tumorigenic melanoma cells and non-tumorigenic melanoma cells. 13 These findings suggest that some cancers may not follow a stem cell model. For instance, all tumorigenic melanoma cells obtained from patients were able to form tumors in immunodeficient mice. 13 Moreover, none of the tested 22 markers were capable of enriching tumorigenic cells or sorting out the large population of tumor cells that fail to form tumors. 13 While clearly variations on the stem cell model are possible, the finding that many cancers do follow the model represents a major change in our understanding of tumor progression. The second controversial issue is the origin of CSCs. Two hypothetical models exist. The ' traditional ' CSC hypothesis suggests that cancer is heterogeneous because a single cell, or CSC, is capable of both self-renewal and sustaining tumor formation while the vast bulk of tumor cells have restricted reproductive ability. 14 This hierarchical CSC model suggests that cancers are organized in a hierarchy similar to the hematopoietic system. With this model, CSCs are thought to be a source of disease recurrence. The basis of this concept is that CSCs are likely to be resistant to both radiotherapy and chemotherapy as radiotherapy and the majority of existing chemotherapies are dependent on targeting proliferating cells. If tumors are initiated by CSCs, therapies that target CSCs specifically would be desirable. Although many of the tumors, including leukemia 8 and breast cancer, 9 appear to follow the hierarchal CSC model; others are likely to follow a stochastic model. 13 As mentioned previously, nearly 30 % of immunodeficient mice develop tumors when single melanoma cells obtained from various stages of patients were implanted. 13 This model implies that some cancers are comprised of heterogeneous cells many of which maintain the capacity to proliferate perpetually and have ability to form tumors. In fact, melanomas may not be the only tumor type, which deviates from a hierarchal model. A recent investigation suggests even variations in breast cancer may occur as CD44 low non-CSCs spontaneously convert into CD44 hi CSCs both in vitro and in vivo . 15 Another important and controversial issue in stem cell research is whether or not all stem cells cycle at the same rate. Recent evidence in several systems including the bone marrow, intestinal epithelium and the hair follicle argues for the existence of two types of stem cells: those that are involved in day-today tissue turnover and regeneration that regularly enter into proliferative cycles, and those that are deeply quiescent. 16, 17 These deeply quiescent cells are thought to rarely contribute to normal tissue maintenance but are kept as reserve cellslargely immune from tissue or environmental impact -which when necessary can be called upon to participate in regeneration. These two subpopulations of stem cells are thought to coexist in multiple tissues; however, whether they exist in separate or adjoining locations remains unclear. Importantly, whether separate or integrated signaling pathways exist for each subpopulation has yet to be evaluated. It is not yet clear if CSCs also have subpopulations that participate in the bulk of tumor maintenance and growth, and those that participate in establishing dormancy. Conceptually attractive is the concept that CSCs also have subpopulations that mimic those findings in the stem cell field. Unfortunately, there are little data to guide us in whether subtypes of CSCs exist, but the concept makes considerable sense given how effective chemotherapeutics may be in eliminating many stem and progenitor populations in the bulk of neoplasms. Moreover, whether there are different niches that regulate each of the CSCs within metastatic sites remains to be determined.
The ability of cancers to maintain plasticity in its stem cell compartment provides new challenges and opportunities for cancer treatments. If cancers follow the stochastic model, a potential treatment strategy could be ' Kill Them All ' approach or ' differentiation therapy ' . If CSCs and non-CSCs can reversibly convert into one another, then it may be possible to eradicate cancers by inducing permanent differentiation of the CSCs. Consequently, differentiation therapy could convert aggressive cancer into benign neoplasms. The most thoroughly examined and clinically successful differentiation treatment is retinoic acid in treatment of acute promyelocytic leukemia. 18 However, differentiation therapy in solid tumors is yet not well defined. An understanding of the cellular signals that control CSC fate could lead to the development of a new therapeutic approach to ultimately eradicate cancers. As the findings will have great relevance to treatment, further research on the clinical, genetic, molecular and cellular aspects of CSCs will be clearly needed.
Bone Marrow Microenvironment and CSCs
Among the most well-defined microenvironments in the stem cell field is the bone marrow. In hematopoiesis, HSCs are known to reside in specific microenvironments to escape from the cytotoxic insults. This microenvironment that supports stem cell function is commonly referred to as the stem cell niche. 19 Despite continuing controversy, 20,21 the stem cell niche is believed to be dominated by two major types of cells: cells of the osteoblastic 19,22 -24 and endothelial lineages, 25 while Cancer stem cells in bone marrow niche Y Shiozawa and RS Taichman the participation of other cell types is clearly known. 26 -28 The stem cell niche is thought to have a crucial role in the homing, self-renewal, proliferation and differentiation of HSCs. It is suggested that the endosteal or osteoblastic niche maintains the long-term survival of HSCs, whereas the endothelial or vascular niche regulates HSCs that are immediately able to respond to physiological stresses, including infection and bleeding. 29 The osteoblastic niche is also involved in the homing process of HSCs; circulating HSCs or hematopoietic progenitor cells use CXCR4 to home to the osteoblastic niche, which is a major source of CXCL12. 19 Like HSCs, recent studies have demonstrated that solid tumor cells also utilize the CXCL12 / CXCR4 axis when they metastasize to distant organs. 5, 6 In addition, both HSCs and PCa use the same adhesion molecule, annexin II (Anxa2), to adhere to the osteo blastic niche. 30, 31 We recently observed that Anxa2 signaling has an important role in maintaining HSCs as the number of HSCs are fewer in Anxa2 knockout mice compared with wild-type mice. 30 By blocking Anxa2 signaling, the engraftment of HSCs is significantly inhibited. 30 Similarly, by blocking Anxa2 or its receptor, short-term and long-term dissemination of PCa were prevented in the xenograft animal model. 31 Moreover, Anxa2 interacts synergistically with CXCL12 to stimulate the homing of HSCs. 32 While Anxa2 is clearly important in regulating niche function, other molecules are also important. For example, it is also well established that 4 1 integrin (VLA-4) have an important role in the HSC homing to bone marrow through adhesion to vascular cell adhesion molecule-1 or fibronectin expressed by bone marrow niche. 33 Likewise, upregulation of 4 1 integrin in Chinese hamster ovary cells and K562 human leukemia cell line enhanced bone metastasis in vivo , and these activities are countered by antibody against 4 or vascular cell adhesion molecule-1. 34 Like the data on Anxa2, these findings strongly suggest that cancer cells use similar mechanisms as HSCs do to gain access to the marrow during metastasis.
Along with these findings, more recent work by our group has revealed that metastatic PCa cells target the same area where HSCs reside. 7 First, engraftment of transplanted HSCs to bone marrow was dramatically prevented by disseminated PCa cells from subcutaneously implanted primary tumor. 7 Bone marrow rescue in lethally irradiated mice was also inhibited by simultaneously injected PCa cells. 7 Furthermore, human PCa cells prevent the engraftment of human HSCs into the bone marrow of recipient mice. 7 Immunohistochemical analyses confirmed that HSCs and disseminated PCa cells colocalize with each other at bone-lining osteoblastic niche. 7 Manipulating the size of niche also altered the frequency of bone metastases. 7 When the osteoblastic niche was expanded with parathyroid hormone treatments, 22 significantly more metastatic PCa cells were found in the marrow. 7 Conversely, when the osteoblastic niche was ablated using thymidine kinase-transformed bone tissues, 35 the number of metastatic cells was significantly reduced. 7 Premobilization of HSCs from the niche using HSCmobilizing agents help recruit disseminated PCa cells into the niche. 7 Interestingly, the same HSC-mobilizing agents could mobilize disseminated PCa cells from the marrow. 7 Surprisingly, PCa with CSC properties preferably metastasized to the marrow and bound to osteoblast niche, compared with non-CSC populations. 7 Finally, disseminated PCa cells displaced HSCs from the HSC niche, drove them into hematopoietic progenitor cells and affect their gene profiles. 7 Critically, these observations were further confirmed with patients ' samples. 7 Collectively, work in PCa models of dissemination demonstrate that PCa cells target the bone marrow HSC niche during metastases and compete with HSCs for the occupancy of the osteoblastic niche. In a similar fashion, it has been reported that leukemia stem cells home to the osteoblastic region in the bone marrow and share the niche with normal stem cells to become resistant to chemotherapy. 36, 37 A very recent study also revealed the vascular niche also may be a target of metastasis. Here the interaction of vascular niche and skin cancer cells initiates the semness of skin cancers through VEGF -NRP1 pathway. 38 Thus, accumulating evidence including our findings implies that the HSC niche is pivotal in controlling the stemness of cancer in the marrow. As the predominant role of the HSC niche is to maintain HSCs as quiescent, it is natural to assume that cancer cells take advantage of this function to maintain stemness and perhaps even to become CSC as in the case of metastatic non-CSCs to survive for an extended period in the marrow.
This last point is pivotal. If indeed CSCs target and engage the HSC niche, there is a high probability that these cells would engage the niche machinery to become dormant and therefore acquire the ability to escape from the existing radiotherapy and chemotherapy that target rapidly dividing cells. Although identifying the self-renewal pathways of CSCs is obviously necessary, efficient blockage of crosstalk between CSCs and the niche could also be a potential target to eradicate this small population of cancer cells. 39 Based upon our recent findings, 7 niche-engaging DTCs can be mobilized from the niche using HSC-mobilizing agents. If CSCs maintain their stemness by anchoring to the niche, CSCs could also be transformed into progenitor-like state in which cancer cells are actively dividing by releasing from the niche. Accordingly, the released CSCs are likely to be responsive to the current therapy that attacks the cells in the cycle. In fact, it has been demonstrated that pretreatment of AMD3100, a CXCR4 antagonist and also known as a HSC-mobilizing agent, 40 reverses the chemosensitivity of acute leukemia 41 and myeloma cells, 42 suggesting that the combination of mobilization and succeeding chemotherapy is a potential therapy for bone marrow malignancy. By interfering with the interactions between acute myeloid leukemia and bone marrow cells by blocking VLA-4 pathway also restored the chemosensitivity of acute myeloid leukemia. 43 Furthermore, it was suggested that HSC mobilization initiated by granulocyte colony-stimulating factor and / or AMD3100 are enhanced in combination with VLA-4 blockage. 44, 45 Therefore, a combination of mobilizing agents and the blockage of adhesion molecules could prove to be a promising strategy for driving dormant CSCs into the cycle. Although few therapies that target CSCs are available, interference with CSC -niche interactions are attractive targets for eradicating CSCs.
Concluding Remarks
Paget 46 proposed that each cancer type has a preferential microenvironment for its metastatic spread in his seed and soil hypothesis. It is plausible that bone metastatic cancer cells target the microenvironments that maintain the HSC function, 7 and may in fact parasitize these microenvironments, or the niches, to establish future metastatic growth in the bone marrow 47 ( Figure 1 ). As the microenvironment of metastatic cancer cells is studied Cancer stem cells in bone marrow niche Y Shiozawa and RS Taichman further, more light undoubtedly will be shed on the complicated mechanisms of dormancy and metastatic growth in the bone marrow. Although which cancer cells are capable of self-renew remains a question, the bone marrow niche may have a crucial role, perhaps even a dominant role, in maintaining stemness and selecting which cells are capable of activating specific self-renewal pathways. If true, CSCs are likely to acquire cell adhesion-mediated drug resistance through the receptorligand interactions regulated by the niche. Therefore to eradicate metastatic cancer cells in the marrow, a better understanding of the self-renewal pathways in CSCs activated by the microenvironment is warranted. Figure 1 The roles of the microenvironment in bone metastatic disease. Metastatic cancer cells home to the bone marrow microenvironment, or the niche, using similar mechanisms as the homing of HSCs. When the metastatic cells engage to the niche, they acquire the self-renewal potential through the signals released from the niche most likely involving cooperative interactions with non-niche cells and by paracrine interactions. Consequently, cancer cells obtain the stem-like phenotype, undergo dormancy and are therefore protected from the cytotoxic insults. Conversely, cancer cells differentiate into progenitors that are believed to be in active cycle, and therefore become sensitive to the radiotherapy and chemotherapy, when they detach from the protective functions of the niche.
